HO upstream region. This sequence of events is required
. The founding moters. Not only must it contend with the 30-100 nm members of each class-SWI/SNF for the ATP-depenchromatin fibers prevalent in the interphase nucleus, dent remodeling enzymes and Gcn5p-containing combut it must also be able to access a subset of genes plexes for the HATs-were originally characterized in that must be transcribed in the context of more highly yeast. Subsequently, multiple members of both classes condensed mitotic chromatin. In the budding yeast Sachave been identified and studied in Drosophila, mamcharomyces cerevisiae, nearly 300 genes have been mals, and recently in C. elegans. In mammalian cells, identified whose expression peaks during mitosis (SpellhSWI/SNF is required for the functioning of heat shock man et al., 1998). gcn5 strains were grown to mid-log phase under inof Swi5p, as we show that recruitment of Gcn5p HAT duced or uninduced conditions, and then cells were activity to the GAL1 promoter is also SWI/SNF depenharvested for RNA analysis and for formaldehyde crossdent in mitosis. As is the case for the Swi5p activator linking and chromatin immunoprecipitation (ChIP). In at the HO locus, SWI/SNF and Gcn5p regulate GAL1 these ChIP studies, we used antibodies directed against expression during late mitosis by governing steps subhistone H3 acetylated at lysines 9 and 14, which prosequent to Gal4p binding. We propose that SWI/SNF vides a measurement of Gcn5p activity ( For all six genes tested, transcriptional induction was acetylation are not sufficient to disrupt chromatin-mediated repression that must be further alleviated by SWI/ accompanied by a large increase in histone H3 acetylation (Figure 1 ). Furthermore, with the exception of the SNF action (GAL1 reporter, HIS3, PHO8). Not all inducible promoters showed GCN5-dependent CUP1 gene (see below), these increased levels of H3 acetylation required GCN5. However, in contrast to what acetylation upon induction. When cells were exposed to 1 mM copper sulfate, we observed increased histone we observed previously for the HO gene, GCN5-dependent H3 acetylation at GAL1, PHO5, PHO8, HIS3, and H3 acetylation at the CUP1 promoter (lower right panel). However, this increase was independent of GCN5, indithe Gal4p reporter gene did not require an intact SWI/ SNF complex. For example, when cells were grown in cating that a different HAT is responsible for acetylation of nucleosomes at this promoter. CUP1 acetylation was the presence of 2% galactose (left panels), we observed GCN5-dependent acetylation at both the endogenous also independent of SWI/SNF, and CUP1 expression was robustly induced in both the swi/snf and gcn5 mu-GAL1 promoter (upper left panel) and at an integrated Gal4p reporter that contains two low-affinity Gal4p bindtants (data not shown were analyzed for position in the cell cycle (by budding acetylation by Gcn5p at multiple Swi5p-regulated promoters. However, these studies do not indicate whether pattern), transcription (by Northern analysis), and histone H3 acetylation (by chromatin immunoprecipitation), SWI/SNF merely acts as a bridge to target Gcn5p to the promoter or whether recruitment of a Gcn5p HAT as described previously (Krebs et al., 1999) . ChIPs were performed using antibodies against histone H3 acetcomplex requires the ATP-dependent chromatin remodeling activity of SWI/SNF. We addressed this question ylated at lysines 9 and 14, and the levels of H3 acetylation surrounding the promoters of SIC1, CDC6, PCL2, by monitoring recruitment of Gcn5p HAT activity to the HO and SIC1 genes in a strain harboring a mutation PCL9, and EGT2 are shown in Figure 2A .
For every Swi5p-regulated gene tested, there is a peak in the catalytic subunit of SWI/SNF, Swi2p. This point mutation (swi2K798A) abolishes ATPase activity but of GCN5-dependent acetylation during late mitosis (Figure 2A , square symbols, wild type; circles, gcn5 cells).
does not disrupt SWI/SNF assembly (Cote et al., 1994) . Wild-type and swi2K798A cells were synchronized by The timing of acetylation for each gene is consistent with the timing of its expression, as acetylation occurs nocodazole arrest and release, and samples were processed for ChIP analysis using the antibody to diacetat or just prior to activation of transcription in late anaphase (Aerne et al., 1998; see also Figure 3A ). We also ylated histone H3 ( Figure 2B ). In the wild-type strain, we observe a peak of telophase acetylation at SIC1 (Figure examined the acetylation of these promoters in swi5 cells (triangles), and as expected, the peak of acetylation 2B, lower panel); in contrast, this cell cycle-regulated acetylation is absent in the swi2K798A strain, similar to is lost in the absence of the activator. Finally, we measured the acetylation at these promoters in a swi2 muwhat we had observed previously for a swi2 deletion strain. Similar results were also obtained for early G1 tant (diamonds). As is the case for HO, cell cycleregulated acetylation at SIC1, PCL2, PCL9, CDC6, EGT2, acetylation at HO ( Figure 2B , upper panel). These results confirm that recruitment of GCN5-dependent HAT activand ASH1 is dependent on an intact SWI/SNF complex ( Figure 2A and data not shown).
ity requires prior chromatin remodeling events by the SWI/SNF complex. The results presented in Figure 2A show that an intact SWI/SNF complex is required for cell cycle-dependent Next, we wished to determine whether SWI/SNF and Isogenic wild-type (WT) and mutant strains were transformed with either a GAL10-CLB2 or empty GAL10 expression plasmid. Transformants were grown to mid-log phase in minimal medium/2% glucose, serially diluted 5-fold, spotted onto minimal plates containing either 2% glucose or 2% galactose, and incubated for 2-3 days at 30ЊC. At least two transformants were tested for each strain.
Gcn5p are required for mitotic expression of Swi5p-are required for expression of SIC1 during mitosis but not for expression of SIC1 during G1. regulated genes. Previous studies have shown that Swi5p is required for mitotic expression of SIC1 but that Ace2p drives SIC1 expression in early G1 (Aerne et al.,
Cells Lacking Gcn5p Exhibit Mitotic Exit Phenotypes 1998). Thus, in a swi5 mutant, SIC1 expression is only
Previous studies have shown that swi5 mutants exhibit slightly decreased in RNA isolated from asynchronous mitotic exit phenotypes, such as hypersensitivity to cultures, and the peak of expression is delayed about 15 overexpression of the B cyclin CLB2 (Toyn et al., 1997). min in RNA isolated from synchronized cells. To examine These phenotypes are due in part by the failure of swi5 the cell cycle timing of SIC1 expression in swi/snf and cells to express the Sic1p cdk inhibitor during mitosis. wild-type strains, RNA was prepared from cells synSince SWI/SNF and Gcn5p are also required for late chronized by nocodazole arrest/release and SIC1 tranmitotic gene expression, we predicted that swi/snf or scripts were measured by Northern blotting ( Figure 3A) . gcn5 strains might also exhibit mitotic exit phenotypes. Whereas the peak of SIC1 expression in wild-type cells
To this end, we tested the sensitivity of our swi5 and occurred just after the initial appearance of divided chrogcn5 strains to overexpression of Clb2p. Strains were matin (anaphase), expression was delayed an additional transformed with either a GAL-CLB2 plasmid or the cor-15 min in the swi1 mutant ( Figure 3A) . Thus, in the abresponding empty vector. Cell dilutions were then plated sence of an intact SWI/SNF complex SIC1 expression on both glucose and galactose plates, and the results is delayed, and the extent of delay is similar to what has of these growth studies are shown in Figure 4 . Consisbeen observed due to loss of Swi5p (Aerne et al., 1998). tent with previous studies, cdc15 ts and swi5 cells were The delayed expression of SIC1 in a swi1 mutant sughypersensitive to Clb2p overexpression, as indicated by gests that an intact SWI/SNF complex might only be their inability to grow on galactose media when they required for mitotic expression and that Ace2p-depencontained the GAL-CLB2 plasmid (Figure 4 ). gcn5 mudent transcription of SIC1 during G1 might be SWI/SNF tants were also sensitive to CLB2 overexpression, conindependent. To further test this idea, we generated a firming that loss of Gcn5p also interferes with the M to set of double mutants with a temperature-sensitive G1 transition (Figure 4 ). This result is consistent with cdc15 mutation to arrest swi1, gcn5, or swi5 mutants in the recent observation by Roth and colleagues demonmitosis. Figure 3B shows the levels of SIC1 expression strating that asynchronous cultures of gcn5 mutants by Northern blot in strains grown at the permissive temhave an increased proportion of cells with G2/M DNA perature (left panel) or in strains arrested in anaphase content . Unfortunately, we were unat the restrictive temperature (right panel). In asynchroable to test our swi/snf strains for hypersensitivity to nous cells, SIC1 levels are unaffected by swi5, gcn5 or Clb2p overexpression since swi/snf mutants grow slowly swi/snf mutations ( Figure 3B and data not shown) . At on galactose. However, since SIC1 expression in mitosis the restrictive temperature, cdc15 ts cells arrest in early is more severely compromised in swi/snf as compared to gcn5 cells ( Figure 3B ), it seems very likely swi/snf anaphase, and although this arrest point is prior to the cells are also hindered for mitotic exit. point of maximal SIC1 activation, there is sufficient SIC1 expression to detect by Northern blot ( Figure 3B ). However, SIC1 expression is reproducibly decreased in the The Mitotic Activity Domain of Swi5p Maps gcn5 cdc15 double mutant and nearly eliminated in the to a Gcn5p Recruitment Element swi5 cdc15 and swi1 cdc15 double mutants after mitotic Although SWI5 and ACE2 encode similar zinc finger proteins and they both enter the nucleus at the same time arrest. These results indicate that SWI/SNF and Gcn5p In this study we have investigated the functional relationship between the SWI/SNF and Gcn5p chromatin resis prior to GAL1 induction, GCN5-dependent acetylation is eliminated in a swi1 mutant ( Figure 6B) . Thus, an modeling enzymes during late mitosis and interphase. We found that recruitment of Gcn5p HAT activity is assoobligatory, sequential order of chromatin remodeling events appears to be a property of gene expression ciated with transcriptional induction of many genes, both in mitosis and interphase. At some loci (e.g., PHO8, during mitosis, rather than a feature of the Swi5p activator.
HIS3) these increases in histone acetylation are required for gene expression irrespective of cell cycle position, Previous studies have shown that SWI/SNF and Gcn5p are not required for binding of the Gal4p activator whereas in other cases (e.g., GAL1), GCN5-dependent histone acetylation plays a key role only during mitosis. or TBP to the GAL1 promoter region in asynchronous cells (Burns and Dudley et al., 1999) . In Likewise, we find that the functional relationship between SWI/SNF and Gcn5p changes as a function of contrast, SWI/SNF does facilitate binding of Gal4p to low-affinity, nucleosomal GAL4 binding sites (Burns and cell cycle position. When Gcn5p is recruited to target genes during interphase, histone acetylation is indepenPeterson, 1997). We wished to determine if chromatin remodeling enzymes facilitate the binding of the Gal4p dent of SWI/SNF remodeling activity. Thus, in these cases, recruitment of SWI/SNF and Gcn5p appear to be activator during mitosis. Formaldehyde-cross-linked samples were immunoprecipitated with antibodies to independent events. In contrast, recruitment of Gcn5p HAT activity during mitosis requires the remodeling acGal4p, and immunoprecipitated DNA was analyzed for GAL1 sequences by PCR. As expected, when cells were tivity of SWI/SNF. Furthermore, the differing roles of SWI/SNF and Gcn5p during mitotic or interphase stages grown at the permissive temperature (asynchronous cells), binding of Gal4p was not affected by inactivation of the cell cycle can occur at the same gene, GAL1, and with transcription driven by the same activator, Gal4p. of either SWI/SNF or Gcn5p ( Figure 6C ). When cells were Thus, the novel, sequential recruitment of remodeling characteristic hypersensitivity to B cyclin overproduction (Figure 4) . Since swi/snf mutations have an even enzymes appears solely to be a function of cell cycle position.
larger effect on Swi5p-dependent gene expression (Figure 3) , it is likely that they also exhibit delays in mitotic Why does recruitment of Gcn5p HAT activity during mitosis require the ATP-dependent remodeling activity exit. If this mitotic exit defect is accentuated in the absence of both SWI/SNF and Gcn5p, then this may exof SWI/SNF? We and others have shown that the Gcn5p-containing HAT complex, SAGA, can directly interact plain why gcn5 swi/snf double mutants grow extremely slowly in some strain backgrounds and are inviable in with numerous activators, including Swi5p and Gal4p ( . Extracts were fractionated on Ni 2ϩ -nitrilotriacetic acid agarose, DNA cellulose, and includes the following relevant genotypes: cdc15-2 (CY809); cdc15-2 swi1 (CY877); cdc15-2 swi5 (CY875); and cdc15-2 gcn5 (CY879). FPLC Mono Q as described previously (Quinn et al., 1996) . Mono Q fractions containing SAGA were identified by Western blot with Two sets of isogenic strains were used to test CLB2 sensitivity. The first set includes the following relevant genotypes: SWI5 CDC15 ␣-Gcn5p (Santa Cruz), ␣-ADA3 (Santa Cruz), and ␣-TAFII68 (M. Green) antibodies, in addition to assaying for histone acetyltransfer-(CY211); SWI5 cdc15-2 (CY809); swi5⌬ CDC15 (CY865). The second set includes relevant genotypes GCN5 (CY448) and gcn5⌬ (CY451). ase activity as described (Pollard and Peterson, 1997) . GST fusion proteins were expressed and purified as described ( 
